Background Stimulating growth in the shorter limb in patients with a lower limb length discrepancy (LLD) theoretically is a better alternative than retarding growth in the longer limb since it would not lead to loss of height. Periosteal stripping and/or division (PSPD) have been studied in animal models and in humans with encouraging results. We combined these procedures and used it to equalize lower limb length. Surgical Technique The procedure consists of total circumferential stripping followed by transverse division of the periosteum at the proximal, middle, and distal shafts of the femur, tibia, and fibula of the shorter limb. Patients and Methods We retrospectively reviewed 11 children with LLD who underwent PSPD. The average LLD was 6 ± 3.8 cm (range, 3-13 cm). The average age of the patients was 9 ± 2.5 years (range, 7-13 years). Orthoroentgenograms were obtained every 6 to 12 months after the surgery. The minimum followup was 24 months (mean, 52 months; range, 24-108 months). Results Limb length equalization (LLE) was achieved in eight of 11 patients in an average of 25 ± 17.2 months (range, 12-60 months) and was maintained throughout the followup. LLE was not achieved in three children whose discrepancy was greater than 10 cm, however, PSPD helped decrease the amount of the discrepancy in all three patients. No major complications were observed in any patients. Conclusion PSPD stimulates limb length and LLE is achieved in approximately 2 years after the procedure in the majority of the patients. We believe PSPD should be considered as a surgical option for a LLD up to 6 cm.
Introduction
LLD reportedly causes undesirable consequences including osteoarthritis of the hip [8] , lower back pain [17] , and gait asymmetry [12] . Several nonoperative and operative approaches are used to correct LLD including shoe lifts [15] , retarding growth of the longer leg (ie, epiphyseal stapling) [1] or epiphysiodesis [9] , and increasing the length of the shorter leg (ie, periosteal stimulation procedure) [2, 4, 11, 25] or distraction osteogenesis [5, 13] . Shortening procedures reduce overall height [1, 9] whereas lengthening procedures require extensive stretching with reported complications [16] .
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longer limb (which is usually otherwise normal). Based on the report by Taylor et al., bone growth stimulation by periosteal stripping dates to the late 19th century [23] . The observations subsequently were reproduced in various animal models including chickens [3] , dogs [22] , lambs [19] , monkeys [22] , rabbits [6, 10] , and rats [14] , although the precise mechanisms which regulated the growth stimulation phenomenon are not completely understood [26] . Several hypotheses have been proposed to explain the growth stimulation including hypervascularization or release of the mechanical restraint after the periosteal stripping [2, 3] . In a chicken radius, a transverse periosteal resection has a similar growth-stimulating effect compared with the transverse osteotomy [3] . Several groups of investigators suggested releasing the mechanical restraint caused by the periosteal sleeve across the growth plate was the responsible mechanism [3, 23, 24] .
Clinically, several studies have reported a modest improvement of LLD by using various surgical techniques [4, 11, 25] . Jenkins et al. [11] reported an improvement of approximately 1 cm after periosteal stripping alone. Wilde and Baker [25] and D'Souza and Shah [4] used the periosteal resection technique for treatment of minor LLD. To enhance the maximum potential for the growth stimulation effect, the combination of periosteal stripping and periosteal division procedures, we thought it was reasonable to combine the two procedures.
In this report we describe the PSPD procedure and our findings on LLE in a small number of patients in comparison to the results from previous clinical reports.
Surgical Technique
We measured lower limb lengths preoperatively by orthoroentgenogram. The indications for this technique were: (1) a LLD greater than 3 cm, and (2) radiographic confirmation of opening physes. The contraindications were: (1) a physeal bar formation, (2) joint contracture, and (3) unfavorable conditions of the soft tissue including extensive scars.
The planned surgical incisions (Fig. 1A) and technique of PSPD (Fig. 1B) are shown. The anterolateral subvastus lateralis approach was used to expose the femoral shaft from the greater trochanteric ridge to the distal femur just above the distal femoral growth plate. The periosteum was incised longitudinally and circumferentially stripped from the shaft completely. The periosteum division then was performed by three transverse cuts at the proximal, middle, and distal parts. An anterior approach was used for the tibia whereas the lateral approach through the peroneal muscles was used for the fibula. The periosteum stripping was completed using the same technique ( Fig. 2A) , and periosteal division was performed. The divided edges of the periosteum were retracted (Fig. 2B ). Perforating branches of the profunda femoris artery were cauterized (Fig. 3A) . The periosteum was divided just distal to the insertion of pes anserinus and the insertion should be left intact (Fig. 3B) . The common peroneal nerve should be protected during exposure of the proximal fibula (Fig. 3C) . The growth plates were left undisturbed. The wound was closed without drains. Each patient had a rigid dressing and long leg cast applied for 2 weeks. Progressive ambulation was restarted when the postoperative pain had diminished. The patients resumed regular activities after cast removal.
Patients and Methods
We retrospectively reviewed all 11 patients (five females and six males) who underwent PSPD for LLD from January 2000 to December 2005. The average LLD Fig. 1A-B ( A) The broken lines show the skin incision for the PSPD procedures. Separate incisions were used to approach the shafts of the femur, tibia, and fibula. (B) Periosteal stripping was performed using a soft tissue retractor and a periosteal elevator. The periosteum was divided circumferentially using a scalpel.
preoperatively was 6 ± 3.8 cm (range, 3-13 cm) or 8% (range, 3%-14%) shorter than the longer limb. The average age of the patients was 9 ± 2.5 years (range, 5-13 years) at the time of the procedure. The underlying cause of LLD included hemihypertrophy (seven patients), posteromedial bowing of the leg (two patients), congenital absence of lateral toes associated with fibular hemimelia (one patient), and LLD secondary to synovial sarcoma resection and radiation at the knee (one patient). Their average followup was 52 ± 23.5 months (range, 24-108 months) and the average age at the final followup was 14 ± 1.67 years (range, 12-16 years) ( Table 1) . Clinical parameters including ROM and length difference of the lower limb were measured every 6 months during the first year, then every year until the LLE was achieved and/or skeletal maturation was reached. We obtained orthoroentgenograms using the same technique at each followup. One orthopaedic surgeon (NL) measured all the limb lengths on the orthoroentgenograms [18] . No patients were recalled specifically for this study. All data were obtained from medical records and radiographs. No patients were lost during followup and there were no missing radiographs. Complications were divided into major (ie, fracture, deep wound infection) and minor complications (ie, superficial wound infection, hematoma). The study was approved by the Institutional Review Board of our institution. (B) The periosteum was divided transversely at the proximal, middle, and distal sections of the tibial shaft (thick arrows). Periosteal retraction is seen after periosteal division.
Results LLE defined as less than 2 cm of LLD [15] was achieved in eight of the 11 patients after an average followup of 25 ± 17.2 months (range, 12-36 months) ( Table 2 ). The LLE was maintained during the followup period in six patients. Two patients (Patients 5 and 7) experienced overstimulation of the surgically treated limb. For three patients (Patients 4, 6, and 9) whose preoperative LLD was greater than 6 cm (average, 10 cm), LLE was not achieved, however, all patients achieved a decrease in LLD before the discrepancy increased again during followup. The length gained from the PSPD was 2. One superficial wound infection occurred. Rather than thinning of the cortex, cortical hypertrophy of the diaphysis on the surgical limb was observed on the postoperative orthoroentgenogram of every patient (Fig. 4) .
Discussion
Stimulating growth of a shorter leg is a more appealing option than retarding growth of a longer leg if skeletal maturation has not been reached. In clinical studies investigating the utility of either periosteal stripping alone or periosteal division at the growth plate, only modest improvements in LLD were observed [4, 11, 25] . We therefore developed an approach using a combination of periosteal stripping and division and describe our findings. Our study has a few limitations. First, although the growth stimulation by our technique is anticipated in all cases, the number of patients is small. We have encountered relatively few patients in whom we believed the procedure was indicated. Second, the findings are reported in some patients before their skeletal maturity.
Several periosteal intervention techniques have been explored in animal models and resulted in an increase in bone length (Table 3 ). In one report the effects of periosteal intervention were the greatest when the periosteum was divided in a circular fashion in addition to periosteal stripping [24] . The authors suggested vascular and/or mechanical effects explained the growth stimulation phenomenon after periosteal interventions [24] . The vascular theory is consistent with the well-established phenomenon of bone overgrowth observed in children after femoral shaft fractures [20] . The regional blood supply to the femoral shaft must be diverted from other sources in addition to that from the periosteum, leading to hyperemia associated with an increase in the bone growth rate [14, 21, 22] . However, the vascular theory alone cannot entirely explain the growth stimulation phenomenon: Crilly [3] found that the longitudinal incision of the periosteum, which disturbed its blood supply, caused few effects on bone growth whereas the transverse section of the periosteum did. Mechanical restraint of the growth plate also could explain the retardation of growth. Several authors have suggested release of the periosteal restraining effect was responsible for an increase in the bone growth rate [3, 23, 24] . We observed immediate retraction of the periosteum after it was divided indicating that the periosteum was constantly under tension (Fig. 2B) . The molecular regulation of bone growth stimulation by periosteal stripping is not completely understood. The proliferation rate of the chondrocytes in the proliferative zone and the rate of ossification at the epiphysiometaphyseal junction increase after periosteal stripping, whereas the height of the hypertrophic zone remains constant [23] . However, Sansone et al. [19] reported that the chondrocytes in the hypertrophic zone elongate in an axial manner and have a net effect of growth acceleration owing to reduction of axial compression at the growth plate.
Several clinical reports (Table 4 ) support the use of periosteal intervention involving either periosteal stripping from the whole shaft [2, 11] or circumferential excision of a cuff of periosteum adjacent to the growth plate [7, 25] . The average preoperative LLD was 3 to 4 cm in these patient cohorts. To maximize the bone growth stimulation effect, we suggest that the periosteum should be stripped circumferentially from the whole diaphysis and divided transversely at the proximal, middle, and distal parts of the femur, tibia, and fibula to diminish the tethering effect of the periosteum on the growth plate. We were able to equalize the lower limb length in patients with as much as 6 cm of LLD.
D'Souza and Shah suggested the most appropriate age for patients to undergo PSPD was at the beginning of puberty to allow for enough remaining time for the discrepancy to be corrected [4] . This could be determined by the chronologic age [2] . We found bone growth stimulation by PSPD lasted 3 to 5 years, which is similar to times reported in several studies [4, 11, 25] .
The complication rates associated with the procedure are low [2, 4, 22] . A pathologic fracture after periosteal intervention was reported in an animal model [21, 22] . However, none of our patients experienced a fracture. We observed cortical hypertrophy of the diaphysis on the orthoroentgenogram as a result of subperiosteal new bone formation [26] . This shows that the vascular supply to the bone essentially is preserved [2, 21] . Another complication was bone overgrowth when the surgically treated limb became longer than the contralateral limb by greater than 2 cm. The predictability of this procedure and characteristics of the patients undergoing bone growth stimulation Table 3 . need further investigation. Although only partial correction of LLD could be achieved when PSPD was performed when the degree of the LLD was greater than 10 cm or around the time of skeletal maturation, we still considered PSPD the preferred treatment. The second stripping procedure could be performed 3 to 5 years after the first operation [25] or at the beginning of the secondary growth spurt [4] , although the incidence of pathologic fractures might be increased [22] . The second lengthening procedure performed at the time of skeletal maturation is relatively less extensive. No adverse effects on subsequent distraction osteogenesis were seen in our two patients [13, 21] . We believe PSPD is a practical method for correcting LLD, with few complications. The technique requires simple surgical skills and equipment. The majority of our patients achieved LLE, and evidence of bone growth stimulation was observed in every patient. The patients required a short hospitalization and they resumed normal activities on discharge. PSPD did not interfere with possible subsequent operations. LLD = limb-length discrepancy; PFFD = proximal femoral focal deficiency; CDH = congenital dislocation of the hip; N/A = not available.
